Ultrafast spectroscopies have become an important tool for elucidating the microscopic description and dynamical properties of quantum materials. In particular, by tracking the dynamics of non-thermal electrons, a material's dominant scattering processes -and thus the many-body interactions between electrons and collective excitations -can be revealed. Here we demonstrate a method for extracting the electron-phonon coupling strength in the time domain, by means of time and angle-resolved photoemission spectroscopy (TR-1 arXiv:1902.05572v2 [cond-mat.str-el] 25 Feb 2019 ARPES). Specifically, we investigate the dynamics of photo-injected electrons at the K point of graphite, detecting quantized energy-loss processes that correspond to the emission of strongly-coupled optical phonons. We show that the observed characteristic timescale for spectral-weight-transfer mediated by phonon-scattering processes allows for the direct quantitative extraction of electron-phonon matrix elements, for specific modes, and with unprecedented sensitivity.
by "kinks" in the electronic band dispersion (12) (13) (14) (15) (16) . However, extraction of EPC strength from these kinks requires accurate modelling of the bare band dispersion and of the electronic self energy, which can prove to be a formidable challenge either due to insufficient sensitivity and experimental resolutions (17) , or because of too-strong and/or compounded many-body interactions (18, 19) . In addition, the interpretation of spectroscopic features is often elusive, as they may be attributed to several different many-body interactions (20, 21) .
Alternative and possibly more powerful approaches might come from the extension of ARPES into the time domain (TR-ARPES), which has already provided deep insights into the relaxation channels of hot electronic distributions, in which EPC plays a major role (22) (23) (24) (25) (26) (27) .
On the one hand, TR-ARPES performed with 6 eV sources have enabled detailed study of lowenergy many-body phenomena; while this has given a new perspective on superconducting gap dynamics of cuprate superconductors (28) (29) (30) , electron-phonon interaction in bulk FeSe (31) , and surface-state dynamics in topological materials (25, 32) , low photon energies have limited these studies to a small region of the Brillouin Zone (BZ). On the other hand, ARPES systems using high-harmonic sources have extended the accessible momenta beyond the first BZ, but heretofore have focused on the high-energy scale electron dynamics on the order of 10 fs (24, 26, 33, 34) , as system energy resolutions have yet to reach the standards achieved by their 6 eV counterpart.
In this work, we explore a new paradigm for the TR-ARPES study of transient spectral features at large momenta, made possible by a femtosecond high-harmonic source designed with specific emphasis on energy resolution. The experimental strategy is the following: we begin by injecting electrons into specific unoccupied states by optical excitation. As the hot electrons relax, we track specifically the transfer of spectral weight from these photo-excited states to lower-energy states via emission of a phonon with energyhΩ q,ν , where q, ν denote the phonon momentum and branch. The time constant extracted for this transfer of spectral weight (τ q,ν ) can then be directly related to the electron-phonon contribution to the self-energy for the phonon involved as:
where E is the energy of the direct optical transition, g 2 q,ν is the square of the mode-projected electron-phonon matrix element averaged over the states populated by optical excitation, and N (E) is the electronic density of states (DOS) (7, 35, 36) (derivation in Supplementary). We will show that this allows us to measure g 2 q,ν , gaining insight on the strength of the scattering process as well as the energy and momenta involved. The approach is demonstrated on graphite, the parent compound of carbon allotropes such as graphene and carbon nanotubes. Graphite electrons are known to couple to optical phonons at Γ and K, leading to the renormalization of both the electron and phonon dispersion (10, 17, (37) (38) (39) (40) (41) . While this limits the potential of these materials in carbon-based electronics (8, 23, 27, 42) , it makes graphite an excellent system for studying EPC.
The low-energy electronic structure of single-crystal graphite consists of two gapless nearly two-dimensional Dirac-like bands at the BZ corners (similar to graphene), as well as a second set of bands that disperses along the c-axis (k ⊥ in our experimental geometry, see In Fig. 2A (black open circles) we display the momentum-integrated energy distribution curve ( k EDC) along the Γ-K direction (see Supplementary materials). We stress that the k EDC is proportional to the occupied DOS along the selected momentum cut shown in Fig. 1C .
Black filled circles in Fig. 2A represent the k EDC after removal of a bi-exponential background given by the thermal electronic distribution (near E F ) and non-thermal e-e scattering processes (near 0.6 eV). Once this background is removed, the k EDC directly exposes the transient peaks, which can be fit with five Lorentzians of the same width ( Fig. 2A ). We can immediately identify the prominent peak at 0.6 eV as DTP 1 , which was predicted in Fig. 1B , associated with the optical transition from the π 2 -to-π 3 band in Fig. 3A . The other peaks, as
we will illustrate in more detail below, are a combination PIRs and other DTPs, as graphitein contrast to graphene -has two additional bands (π 1 , π 4 ) that disperses in k ⊥ , giving rise to three additional optical transitions. We confirm these transitions in Fig. 3A with a calculation of the optical-joint-DOS for graphite, adapted from a tight-binding model in Ref (45), for a pump photon energy of 1.19 eV. The possible transitions along the Γ − K cut are shown in Fig. 3A .
While the π 2 -to-π 4 transition is outside the range of our data, the three lower DTPs fall exactly in the energy range we expect. The resulting momentum-integrated optical-joint-DOS is shown in Fig. 3B , along with the energy position of the five fitted peaks from Fig. 2A .
To illustrate the DTP-to-PIR scattering process, we focus on the time-evolution of the three most prominent peaks, shown in Fig. 2B . The combined time and energy resolution of our source allows for a detailed study of the transient evolution of the DTP and the PIR, given by the amplitude of the Lorentzians in Fig. 2C . Despite being only 50 meV apart, the dynamics of the light-blue and red peaks are markedly different. The population of the light-blue peak is only slightly delayed with respect to the dark-blue DTP 1 , and is identified with a direct optical excitation (π 1 -to-π 4 band in Fig. 3A , labeled DTP 2 ), with the temporal delay being a consequence of energy-dependent electron lifetime (49, 50) . In contrast, the population of the We now assign the observed PIR to scattering by a specific phonon mode by comparing the extractedhΩ q,ν against the phonon-dispersion of graphite calculated by DFT in Fig. 3C . The momentum-integrated EPC (indicated by the colorbar) provides a clear connection between the extracted energy of 0.165 eV and the K−A 1 optical phonon, which is associated with intervalley scattering of electrons between states at K and K . The difference between the extractedhΩ q,ν andhΩ A 1 results from the range of q values required to satisfy momentum conservation in the scattering process. We consider this scattering process explicitly for a single electron in Fig. 3D (green arrow = 0.064 ± 0.015 eV 2 we previously extracted from the rate-equation fits to the experimental data. In addition to the A 1 mode, Fig. 3C suggests that the Γ−E 2g modes (LO and TO) are also expected to be strongly-coupled; however, considering the scattering process as before, we extract for the degenerate LO and TO modes a total coupling of g 2 E 2g = 0.023 eV 2 , which corresponds to a time constant of > 300 fs. This coupling is approximately 50% that of the A 1 mode, consistent with previous theoretical considerations (52) . Thus, the PIR associated with emission of the Γ − E 2g phonons would not be visible above the hot electron background.
In this work we have demonstrated that TR-ARPES is capable of identifying phonon modes involved in electron relaxation processes, and can access the mode-projected e-ph matrix element through the dynamics of non-thermal spectral features. In particular, using this method, we have shown a proof-of-principle extraction of the mode-projected e-ph matrix element g 2 A 1 in graphite. While g 2 is a more fundamental quantity, it is instructive to estimate the EPC value λ = 2 g 2 N (E F )/(hΩ) for comparison with other approaches (7) . Since λ is a doping dependent quantity, the vanishing DOS at the Dirac-point of graphene (crossing point of graphite) precludes extraction of the EPC via the traditional kink-analysis. Thus, we take as comparison a value of λ ≈ [4 × 10 −4 , 2 × 10 −3 ], obtained from the temperature-dependent analysis of the MDC linewidth of pristine graphene (53) . For our graphite sample, which is slightly p-doped (E F ≈ 20 meV above the crossing point), we calculate the mode-projected λ A 1 ≈ 7.5 × 10 −4 in excellent agreement with the previous study. Overall, this suggests that time-domain measurements have the ability to access the EPC in a precise, sensitive, and mode-projected way. In principle, this technique is applicable to materials in which electrons are strongly-coupled to one or more bosonic modes, such that distinct boson-induced replicas can be observed. These results also prove that a new analytical perspective can be achieved in TR-ARPES by taking advan-tage of novel femtosecond sources that combine high-photon energy (to access large electronic momenta) with high energy resolution. By monitoring the population of electrons injected by direct optical excitation, one could formulate a series of new studies on empty state dispersion, lifetime, decoherence, and electron-boson interactions in a wide range of quantum materials.
We The peaks extracted from panel A in Fig. 2 are also shown, with the location of the fitted DTP overlaid in solid lines, displaying good agreement with the optical-joint-DOS. (C) The phonondispersion of graphite as calculated from DFT (36) . Colors indicate the phonon linewidth (proportional to the electron momentum (k)-integrated EPC). The dominant modes A 1 (E 2g ) are highlighted in green (blue) (37, 54) . (D), Calculation of the g 2 k,q . Case one: electron scattering with an A 1 mode (green) with momentum ∼ K from a specific state (indicated by blue sphere) in the 0.61 eV energy contour at K to states in the 0.45 eV contour at K'. Case two: electron scattering with an E 2g (blue) mode with momentum ∼ 0 from a specific state in the 0.61 eV energy contour at K to states in the 0.41 eV contour at K. g 2 is twice that of the combined (i.e. LO+TO) g 2
E 2g
value (see text for precise value). The scattering process from K' to K (not shown) is identical.
